We report the measurement of direct photons at midrapidity in Au+Au collisions at √ s N N = 200 GeV. The direct photon signal was extracted for the transverse momentum range of 4 GeV/c < pT < 22 GeV/c, using a statistical method to subtract decay photons from the inclusive photon sample. The direct-photon nuclear-modification factor RAA was calculated as a function of pT for different Au+Au collision centralities using the measured p+p direct-photon spectrum and compared to theoretical predictions. RAA was found to be consistent with unity for all centralities over the entire measured pT range. Theoretical models that account for modifications of initial-direct-photon production due to modified-parton-distribution functions (PDFs) in Au and the different isospin composition of the nuclei predict a modest change of RAA from unity. They are consistent with the data. Models with compensating effects of the quark-gluon plasma on high-energy photons, such as suppression of jet-fragmentation photons and induced-photon bremsstrahlung from partons traversing the medium, are also consistent with this measurement.
PACS numbers: 25.75.Dw Direct photons are a powerful probe to study ultrarelativistic heavy-ion collisions where a hot and dense quark-gluon plasma (QGP) is formed. Direct photons are defined as all photons that arise from processes during the collision, rather than from decays of hadrons. The biggest challenge in the measurement of direct photons is to distinguish them from the large background of decay photons.
Direct photons with intermediate and high transverse momentum (p T > 4 GeV/c) are produced predominantly from initial-hard-scattering processes of the colliding quarks or gluons, such as q+g → q+γ or q+q → g+γ. In addition, they can be produced as bremsstrahlung emitted by a scattered parton, from the fragmentation of quarks and gluons, or from the interaction of a scattered parton with the medium created in heavy-ion collisions [1] [2] [3] [4] [5] . Additional photons may be emitted at low transverse momentum as thermal radiation from the partonic and hadronic phases.
The production of direct photons, if compared to the scaled p+p rates, is also affected by possible modifications of the initial state of the colliding nuclei, like shadowing and anti-shadowing, and by the different isospin composition of Au nuclei in contrast to protons, as explained in Sec. 2.2 of [6] . In addition, the different quark charge squared content of p and n influences the yields from initial hard scattering in heavy ions, as explained in detail in Sec. 3.3 of [6] .
The direct photons should not be affected by the medium as they traverse it, since they are both electrically and color neutral, but the presence of the medium can affect the total direct photon yield. For instance, parton energy loss [7] [8] [9] can reduce the fraction of fragmentation photons at a given p T , while the scattering of a hard parton on a thermal one can produce a high p T photon with approximately the same momentum as the original parton (jet-photon conversion) [1] . As a result, theoretical models predict that the yield of direct photons in Au+Au collisions will be somewhat modified compared to the scaled yield from p+p collisions at the same energy [2] [3] [4] [5] .
Previous PHENIX measurements of direct photon spectra in Au+Au at √ s N N = 200 GeV, from the 2002 RHIC run, showed no significant deviation above p T > 6 GeV/c from the scaled invariant yield of NLO pQCD predictions for p+p collisions [10] . On the other hand, PHENIX measurements of virtual direct photons at low transverse momentum (p T < 4 GeV/c) found a large exponentially distributed excess of direct photons, compared to the scaled p+p QCD prediction, which was attributed to thermal photon radiation from the QGP formed in central Au+Au collisions [11] . Although the contribution of thermal photons at large p T quickly diminishes due to the exponential falloff, the direct photon yield at high p T may be modified in nuclear collisions due to the various effects mentioned above and deserves careful study.
We report on the measurement of direct photons in Au+Au collisions at √ s N N = 200 GeV at RHIC from data taken by the PHENIX experiment [12] in 2004. The analysis used 1.03 × 10 9 minimum bias events, which is more than a tenfold increase compared to the previous measurement [10] . The centrality (impact parameter) of the Au+Au collision was determined from the correlation between the number of charged particles detected in the Beam-Beam Counters (BBC), in the pseudorapidity range 3.0 < |η| < 3.9, and the energy measured in the zero-degree calorimeters (ZDC). The average number of binary nucleon-nucleon collisions ( N coll ) was estimated for each centrality bin with a Glauber Model Monte Carlo that simulated the BBC and ZDC responses [13] .
Photon candidates were reconstructed in the electromagnetic calorimeter (EMCal) located in the central arms of PHENIX [14] . The EMCal covers |η| < 0.35. It comprises six sectors of lead-scintillator calorimeter (PbSc) and two sectors of lead-glassCerenkov calorimeter (PbGl). Located at a radial distance of about 5 m, the two subsystems cover a total of π in azimuth. The segmentation is ∆φ × ∆η ∼ 0.011 × 0.011 for PbSc and ∼ 0.008 × 0.008 for PbGl.
At high transverse momenta, the minimum opening angle between the two photons of a π 0 decay decreases, and the distance between the two clusters on the EMCal surface becomes comparable to the tower segmentation, with the result that the showers begin to merge. This starts to occur at ∼10 GeV/c (16 GeV/c), and affects 50% of all π 0 decays at p T ∼16 GeV/c (24 GeV/c) for the PbSc (PbGl) detector. Furthermore, when the decay photons partially overlap, but are not yet indistinguishably merged, the energy may be imperfectly shared by the clustering algorithm: one reconstructed cluster has more, the other has less energy than the original photons. This may change the apparent photon yield, particularly at high p T . The effect is significant for the PbSc, but negligible for the PbGl in the measured p T range.
Direct photons were measured on a statistical basis, as in earlier PHENIX direct photon measurements [10, 15] . Photon-like clusters were identified by applying Particle Identification (PID) cuts based on the parameterized shower profile for a photon. The analyses were performed independently with the PbSc and the PbGl calorimeters, and the fully corrected results were combined. Since the methods were different for the two detectors, the systematic uncertainties are uncorrelated.
In the analysis of the PbGl data, the ≈ 10 − 15 % contamination of the photon candidate spectra with charged particles was subtracted by associating photon candidates with charged hits in the pad chamber (PC3) situated directly in front of the calorimeter. Neutrons and anti-neutrons (5% contribution to the cluster energy spectrum at 4 GeV, vanishing at 7 GeV) were subtracted based on a full geant [16] simulation of the detector response.
The spectra were also corrected for the loss of photons due to conversions into e + e − pairs in the material in front of the PbGl. The resulting spectra were corrected for the detector acceptance and reconstruction efficiency. The acceptance is influenced by the detector geometry and the exclusion of detector areas from the analysis. It was calculated with a Monte Carlo simulation. The efficiency correction takes into account the energy resolution of the calorimeter, the applied PID cuts, and occupancy effects in the high-multiplicity environment. The reconstruction efficiency was determined by embedding simulated photons into real events and analyzing these embedded photons with the same analysis cuts.
Merged clusters at high p T were removed by the PID cuts. Photons from hadron decays, mainly from π 0 and η, measured by PHENIX [17, 18] , were simulated using the decay kinematics and detector geometry and, following the method used in earlier analyses [10] , used to calculate
. This ratio was used to extract the direct photon invariant yield via
In the PbSc analysis, photon candidates (clusters passing PID cuts) were corrected for the fraction of electrons, charged hadrons, and neutrons passing those PID cuts; this fraction was derived from full geant detector simulations using particle spectra measured by PHENIX. The result was the raw inclusive photon distribution. Note that at higher p T the calorimeter response to true single photons and correlated decay photons is different, therefore, the raw inclusive spectrum cannot be corrected in one simple step. Instead, first the expected raw distribution of background photons from hadron decays (predominantly π 0 and η), containing all detector effects, denoted 2γ MC decay,raw , was calculated in a full geant simulation which used the measured π 0 and η spectra [17, 18] . After subtracting the raw decay photons from the raw inclusive photons, the acceptance and efficiency correction for the remaining direct (single) photons was obtained using simulated single photons embedded in real events. These corrections were then applied to the raw direct single-photon distribution to get the final direct-singlephoton distribution γ data direct , the experimental result. The result from the 2γ MC decay,raw in the PbSc analysis cannot be simply acceptance corrected to get the true decay-γ background, therefore, the ratio R γ for the PbSc was calculated using the decay photon background Monte Carlo calculation from the PbGl analysis as
For both the PbGl and PbSc measurements, there are four distinct sources of systematic uncertainties (Table I) , all of which are p T -correlated. Uncertainties from background corrections come from the subtraction of hadron and electron contamination and corrections for photon conversions. The corrections to the raw yields by the simulations are another source of uncertainty. The energy scale of the calorimeters is only known with a 1.2% precision and thus leads to uncertainties in the direct photon measurement. The decay photon calculation adds further systematic uncertainties due to the extraction of the π 0 [17] , the parameterization of the input hadron spectra and ratios such as η/π 0 . The fully corrected results obtained with the two analyses agree within their respective uncertainties and were combined. The spectra and nuclear modification factors in this publication represent a weighted average of the two independent measurements. Since the systematic uncertainties are taken to be uncorrelated between the two analyses, the weight w was determined from their total uncertainty σ T otal , which is the quadratic sum of all statistical and systematic uncertainties, by w = 1/σ 2 T otal . [19] The ratio R γ is shown in Fig. 1 for minimum bias Au+Au collisions and the two extreme centrality bins. An excess above unity indicates the presence of direct photons. Such an excess is clearly visible for all centrality selections. The ratio R γ increases with centrality due to the suppression of the π 0 [7, 8] and the associated decay photons.
The combined direct photon spectra in Au+Au colli- sions are shown in the top panel of Fig. 2 for ten centrality selections. The shape of the spectra are seen to be similar for all centralities. The bottom panel shows a comparison of the PbGl and PbSc spectra to the combined result for the 0 − 5% most central collisions. A good agreement between the two measurements is observed. Fig. 2 also includes the p+p spectrum at the same energy, measured by PHENIX [20] . The p+p spectrum is compared to a power law fit (A/p T ) n with power n = 7.08 ± 0.09(stat) ± 0.1(syst) obtained by fitting the region p T > 8 GeV/c [20] . The fit is extrapolated to lower p T . A power law fit to the minimum bias (most central) Au+Au spectrum yields a power of n = 6.85 ± 0.07(stat)±0.02(syst) (n = 7.18±0.14(stat)±0.06(syst)) consistent with the power of the p+p fit. The agreement indicates no apparent shape modification of the spectra compared to p+p collisions.
For hard processes, the yield in A+A collisions for a particular impact parameter selection is expected to be equal to the cross section in p+p collisions, scaled by the average nuclear thickness function T AA = N coll /σ inel pp for the associated centrality selection. Here, N coll is the number of binary nucleon-nucleon collisions, calculated with the Glauber Model Monte Carlo for the selected centrality, and σ inel pp is the total inelastic p+p cross section of 42 mb. In Fig. 2 , the power law fit to the p+p direct photon spectrum has been scaled by the nuclear thickness function for each of the ten centrality selections, and overlaid on the measured result for that centrality. The comparison indicates that the magnitude, as well as the shape of the direct photon spectra, are in agreement with expectations from p+p collisions for all centralities.
Nuclear effects are quantified by the nuclear modification factor, R AA . For a given centrality selection, R AA is given by the ratio of the measured invariant yields in Au+Au collisions, divided by the production cross section for the same particle in p+p collisions, scaled with the average nuclear thickness function for that centrality:
where d 2 σ pp /dp T dy is the measured p+p cross section for direct photons [20] .
The direct photon nuclear modification factor is shown in Fig. 3 for three different centrality selections. The R AA results are calculated using the measured direct photon results from p+p collisions for the first time. The R AA values are consistent with unity, within errors, for all centrality selections over the entire p T range.
In Fig. 4 , the measured nuclear modification factor for central Au+Au collisions is compared to theoretical calculations that predict modifications of the direct photon yield due to initial state (IS) and final state (FS) effects [2] [3] [4] [5] . IS effects include the isospin effect due to the different photon cross sections in p+p, n+n, and p+n collisions ("Isospin effect" in Fig. 4 ), and modifications of nuclear structure functions due to shadowing and antishadowing ("EPS09 PDF") [5] . The EPS09 calculation also includes the isospin effect.
FS modifications due to QGP lead, on one hand, to a lower photon yield, since energy loss of a parton also means suppression of the corresponding fragmentation photon yield. On the other hand, QGP effects can increase the photon yield due to radiation resulting from jet-medium interactions ("prompt+QGP") [2, 4] . This FS calculation also takes into account the aforementioned IS effects. Yet another calculation [3] includes IS effects, as well as FS energy loss and mediuminduced photon bremsstrahlung and the LPM effect ("coherent+conversion+∆E"). The data are consistent with a scenario where the hard scattered photons are produced taking account of the isospin effect and modifications of the nuclear PDFs and then simply traverse the matter unaffected. Balancing effects from the QGP such as fragmentation photon suppression and enhancement due to jet-medium interactions are not excluded by the data. The approach in [3] is in disagreement with the data. This confirms that the majority (if not all) direct photons at high p T come directly from hard scattering processes and suggests that possible effects from the QGP all but cancel.
In summary, PHENIX has measured direct photon spectra in Au+Au collisions at √ s N N = 200 GeV at midrapidity in the transverse momentum range of 4 < p T < 20 GeV/c. The direct photon nuclear modification factor R AA has been calculated as a function of p T using a measured p+p reference for the first time. It is consistent with unity for all centrality selections over the entire measured p T range. Theoretical models for direct photon production in Au+Au collisions are compared to the data. Some of these models are found to be in quantitative agreement with the measurement while others appear to be disfavored by the data. Collectively, the effects of the QGP on the high p T direct photon yield are apparently small.
